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Soma  experiments  on  hypervelocity  impact 
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Clayden^B3) 


Summary 


Crater  dimensions  have  heen  obtained  in  various  metal  targets  when 
attacked  i  int  diameter  spheres  with  velocities  up  to  10,000  ft/sec.  The 
depth  of  penetration  in  'seml-lnflnite*  targets  attacked  at  normal  incidence 
has  been  correlated  with  an  empirical  formula  which  is  in  agreement  with 
existing  work.  When  the  seml-lnflnite  targets  were  attacked  at  incidence 
the  depth  of  penetration  was  found  to  be  proportional  to  the  sine  of  the 
angle  of  incidence.  When  thin  targets  were  attacked  at  incidence  the  crater 
dimensions  were  similar  to  those  obtained  for  ' semi-inf Inlte*  targets 
inclined  at  the  same  angle  provided  the  thin  targets  were  not  penetrated. 

An  empirical  relationship  is  given  for  a  ^n^n^nnltn  thickness  of  target  for 
non— penetration  as  a  function  of  the  Impact  velocity,  the  properties  of  the 
target  and  projectile  and  the  angle  of  incidence. 
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1  •  IntrcDduction 


In5)act  phenomena  at  high  speeds  have  recently  become  Important  because 
of  the  desire  to  obtain  some  understanding  of  the  damage  which  will  be 
sustaixKd  by  the  skin  of  a  missile  or  space  vehicle  when  struck  by  fragments 
of  meteorites.  More  basic  information  on  the  behaviour  of  materials  when 
sub^cted  to  very  high  loads  may  also  be  obtained. 

The  general  problem  of  the  damage  sustained  by  a  plate  when  struck  by 
a  fragment  at  high  velocity  contains  a  vast  number  of  parameters  and  there 
does  not  yet  appear  to  be  an  adequate  theory  or  even  a  conplete  understanding 
of  the  physical  processes.  The  con5)aratively  single  case  of  a  crater  formed 
in  a  semi -infinite  target  i^dien  struck  by  a  sphere  at  normal  incidence  has 
been  studied  experimentally  by  a  number  of  workers  and  several  enpirical  laws 
relating  the  penetration  to  the  impact  Mach  number  (ratio  of  the  velocity  of 
the  projectile  relative  to  the  target/ speed  of  sound  in  the  target  given  by 
VE^P^)  have  been  proposed.  This  work  has  been  extended  at  ARDE  and  this 

memorandum  contains  an  account  of  some  experiments  which  were  xindertaken 
during  the  latter  part  of  1959  to  show  the  general  trend  of  damage  which 
might  result  as  the  shape  of  the  fragment,  the  angle  of  Ispact  and  the  thick¬ 
ness  of  the  target  were  varied, 

2,  Experimental  Technique 

2.1  Latincher 


The  projectiles  were  fired  with  the  ARDE  two  stage  light  gas  gun  the 
performance  of  which  is  described  in  detail  in  ref.l.  Briefly  this  gun 
has  a  ^  in.launcher  barrel  and  a  1  in^conpressor  barrel  and  conpressed  helium 
is  used  to  drive  a  li^t  polythene  piston  along  the  coopressor  barrel 
conpressing  helium  to  very  high  pressures  and  tenperatures.  This  hi^ 
pressure  helium  is  then  used  to  launch  ^  in, diameter  models  at  speeds  in 
excess  of  10,000  ft/ sec.  The  velocity  of  the  projectile  was  measured  in  this 
series  of  tests  by  firiixg  the  projectiles  through  a  number  of  stations  each 
of  which  consisted  of  two  sheets  of  aluminium  foil  which  acted  as  a  make 
circuit  as  the  projectile  passed  through.  The  output  of  these  screens  was 
displayed  on  a  spiral  base  oscilloscope  and  the  impact  velocity  was  then 
obtained  from  the  velocity  between  the  screens  by  applying  a  correction  for 
air  drag.  Several  projectiles  were  recovered  after  firing  through  the  screens 
into  water  and  a  conpau*ison  of  the  wei^ts  of  the  projectiles  before  and  after 
firing  showed  that  the  loss  of  mass  due  to  the  combined  effects  of  passing 
through  several  foils  and  erosion  in  the  launcher  barrel  was  less  than 
1  per  cent. 


2,2  Targets 

The  '  semi -inf  inite'  targets  were  mainly  4  in,  in  diameter  and  2  in», 
thick  and  were  mounted  so  that  the  incidence  could  be  easily  adjusted. 

The  thin  targets  were  4  in,, square  and  were  mounted  in  a  similar  manner.  The 
crater  volimies  were  measured  by  filling  the  crater  with  water  from  a  burette 
to  a  level  corresponding  to  tiie  undisturbed  surface  of  the  target.  The  water 
had  a  small  amount  of  detergent  added  to  reduce  the  surface  tension.  The 
depth  of  the  crater  from  the  undistiirbed  surface  was  measured  with  an 
enginsers  depth  micrometer.  The  diameter  of  the  crater  in  the  plane  of  the 
undisturbed  surface  was  measured  vdLth  a  pair  of  inside  vernier  callipers; 
several  readings  were  taken  at  different  diameters  and  the  readings  were 
averaged.  In  the  case  of  the  craters  formed  at  small  angles  of  incidence 
the  edges  of  the  crater  were  not  well  defined  and  the  major  and  minor  axes 
were  measured  with  a  steel  rule.  In  srane  circumstances  (e.g,  when  alxxninium 
projectiles  were  fired  into  leeui  targets  at  low  speeds)  the  deformed  projectile 
fell  out  of  the  crater  and  measurement  of  the  crater  in  the  target  presented 
no  particular  diffictilties.  VThen  the  deformed  projectile  attached  itself 


1 


RESTRICTED 


RESmiCTED 


firmly  to  the  crater  however  and  particularly  when  the  volume  of  the  projec¬ 
tile  was  con5)arable  with  that  of  the  crater  (e.g.  the  case  of  the  aluminium 
cylinders  into  aluminium  targets)  the  above  sinqple  procedure  had  to  be 
modified  and  typical  craters  were  sectioned  and  etched.  This  process  clearly 
showed  the  dividing  line  between  the  projectile  and  target  and  measurements 
of  the  depth  of  penetration  and  the  diameter  were  then  corrected  to  allow 
for  the  thickness  of  the  deformed  projectile  spread  over  the  creter  wall. 
However  at  in^jact  speeds  of  10,CXX)  ft/ sec  this  correction  was  smaller  than 
the  experin«ntal  error.  The  volume  of  the  crater  in  the  tsurget  alone  was 
obtained  by  measuring  the  volume  of  the  crater  when  containing  the 
deformed  projectile  and  adding  on  the  volume  of  the  projectile. 

3.  Results 


3.1  Impact  of  spheres  into  semi -infinite  teirgets  at  normal  incidence 

Pigs,  1  and  2  show  the  results  of  firing  ^  in, aluminium  spheres 
into  lead  and  aluminium  targets  at  inpact  speeds  between  2,000  and  10,000  ft/ 
sec.  These  resxalts  illustrate  some  of  the  general  features  of  high  speed 
inpact  into  ductile  metal  targets: 

(1)  As  the  inpact  speed  increases  so  the  sj;iape  of  the  crater  tends  to 
become  hemispherical, 

(2)  For  given  projectile  and  target  materials  the  volimoe  of  the  crater 
is  proportional  to  the  kinetic  energy  of  the  projectile, 

(it  is  interesting  to  note  that  at  speeds  of  the  order  of  10,000  ft/ sec 
the  kinetic  energy  per  pound  of  projectile  is  of  the  same  order  as  the 
chemical  energy  per  pound  of  explosive.) 


No  adequate  underlying  theory  exists  for  inpact  in  this  speed  range, 
but  several  workers  (e.g  refs.  2  and  3)  have  attenpted  to  relate  the 
penetration  of  q)heres  to  the  velocity  of  inpact  aind  the  tsurget  properties 
with  a  sinple  enpirical  formula  of  the  form 


P 

I 


(1) 


where  P  is  the  penetration,  d  is  the  diameter  of  the  projectile,  k,n  and  m, 

f  inpact,  c.  is  the  sx)eed  of  sound  in  the 
are  the  densities  of  the  projectile  and 

target  respectively.  Some  of  these  forraxolae  are  conpared  in  fig. 3  and  for 
engineering  purposes  these  formulae  are  probably  adequate  for  the  limited 
range  of  velocities  and  materials  for  which  they  were  derived.  The  reason 
for  the  apparent  dependence  of  the  depth  cf  penetration  on  the  density  ratio 
amd  the  " inpact  liach  ntnober”  (U/c.)  is  not  yet  properly  xonderstood  but  some 
plausible  e:q)lanation  may  be  sou^t  by  considering  a  one  dimensional  inpact 
problem  of  a  slab  cf  density  P  and  thickness  of  di  striking  a  stationary 
send. -infinite  target  of  densit]^  After  inpact  the  interface  will  move 

into  the  stationary  target  with  a  velocity  U  which  may  be  obtained  by 
eqmting  the  pressures  on  either  side  of  the  interface  thus 


are  constants,  U  js  the  velocity  1 
target  given  by  and  p^  aind 


Trtiere  d  and  d  are  the  shock  speeds  in  the  target  and  projectile 
t  p 

re  spectively . 


Hence 


u 


P 

E 


c 

_E _ 

+  P  c 


P  P 


U  . 
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[if  the  projectile  and  target  are  of  the  same  material  then  u  a  a  result 
which  follows  from  considerations  of  symnetry,]  Now  the  depth  or  penetration 
will  be  given  by  P  =  u  t  where  t  is  the  time  taken  for  the  shock  from  the 
interface  to  travel  to  the  free  surface  of  the  slab  and  reflect  back  again 
as  a  raurefaction.  At  in5)aLct  speed  of  the  order  of  10,000  ft/ sec.  t  is 
approximately  equal  to  2di/c  and  hence  the  non  dimensional  penetration  may 
be  written  as  ^ 


P 

d 


c 


P  c  U 


P  c  ) 
P  P 


which  may  be  rearranged  to  give 


"  LPtJL^lt 


pc 

%  t 


■] 


(2) 


For  most  combinations  of  common  metals  the  qviantity  in  curly  brackets  will 
not  differ  from  unity  by  more  than  about  3  per  cent.  For  the  three- 
dimensional  case  the  penetration  will  be  considerably  greater  because  the 
target  material  is  able  to  flow  away  from  the  projectile. 


The  penetration  results  ahcsm  in  figs.  1  and  2  aind  the  results  cf  a 
systematic  series  of  firings  in  which  aluminium  ^herical  projectiles  were 
fired  at  a  speed  of  10,000  ft/sec  into  various  targets  are  plotted  against 

^  in  fig.3.  and  con?)ared  with  previous  results.  These  results 

t  J 


which  were  obtained  for  8  widely  differing  combinations  of  projectile  and 
target  material  do  not  deviate  by  more  than  30  per  cent  from  a  mean  line 
given  by 


and  apart  from  a  constant  of  2  instead  of  2.28  this  is  similar  to  the 
relationship  obtained  by  Charters  and  Locke;  in  fact  our  results  for 
almdniuQ)  and  lead  targets  are  fitted  slightly  better  by  the  Charters  and 
Locke  formulae.  A  deviation  of  as  much  as  30  per  cent  however  is 
considerably  more  than  would  be  expected  by  experimental,  error  alone  and  it 
now  seems  likely  from  the  growing  volume  of  experimental  data  that  whilst 
the  correlation  given  by  equation  (3)  may  be  sufficient  for  engineering 
purposes  for  a  limited  range  of  velocities  and  materials  it  does  not 
contain  all  the  relevant  parameters  to  explain  aill  the  phenomena.  The 
correlation  of  the  data  in  fig.3  was  not  in^jroved  v?hen  plott6d  against 
the  paurauneter 


] 


suggested  by  the  R.H.S.  of  equation  (2)  for  one  dimensional  penetration. 
The  V3  power  in  equation  (3)  has  a  physical  significance  because  it  seems 
to  be  well  established  that  at  speeds  of  the  order  cf  10,000  ft/ sec.  the 
crater  becomes  hemispherical  and  the  volume  is  proportional  to  the  energy 

thus  VocPD'oeP’andVoeU* 

hence  P  oe  . 
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When  the  depth  of  penetration  is  coa^jared  on  the  basis  of  equation  (3)  there 
does  not  appear  to  be  any  marked  difference  betweert  the  ductile  materials 
such  as  aluminium  and  copper  auid  the  brittle  materials  such  as  cast  iron  auri, 
titanium  nevertheless  the  craters  are  congpletely  different.  Fig.4  illustrates 
typical  craters  formed  in  various  materials  ranging  from  very  ductile 
aluminium  to  brittle  perspex.  It  may  be  seen  that  in  the  case  of  ths  al\iminium 
target  the  target  has  undergone  considerable  plastic  deformation  but  has  lost 
very  little  material,  whereas  in  the  case  of  the  cast  iron  target  there  is 
little  plastic  flow  and  most  of  the  material  from  the  crater  has  been  lost. 

This  is  because  in  a  brittle  material  the  dynamic  hoop  stress  produced  by  the 
impact  causes  extensive  cracking  and  small  fragnents  fall  away  from  the 
target.  It  appears  therefore  that  when  considering  the  damage  to  brittle 
materials  the  size  of  the  crater  is  probably  unimportant  and  the  extent  of 
the  cracking  should  be  taken  into  account,  this  is  particularly  well 
illustrated  in  fig.4e.  where  the  radius  of  damage  in  the  perspex  target  is 
about  six  times  that  cf  the  crater.  The  elektron  target  shows  that  it  is 
possible  to  have  considerable  plaistic  deformation  and  cracking  together. 

The  reason  for  the  conical  crater  in  titanixm  (this  effect  is  repeatable) 
is  not  obvious  but  an  examination  of  an  etched  specimen  shows  that  the  region 
of  deformation  and  cracking  is  roughly  hemispherical. 

Pig.5  shows  the  magnitude  ajid  direction  cf  the  plastic  deformation  of 
the  aluraLniram  target  and  when  these  vectors  axe  pro;)ected  they  appear  to 
intersect  at  approximately  the  same  point.  Taking  this  point  as  an  origin 
the  deformations,  6x  and  6y,  and  strains,  c  and  e  ,  in  the  horizontal 

and  vertical  planes  respectively  have  been  plotted  in  fig.6  as  a  function 
of  X  and  y.  These  curves  show  that  below  a  horizontal  plane  throu^  the 
origin  the  target  deformation  is  spherically  synmetrical.  Qualitatively 
it  appears  that  the  tqp  part  of  the  material  from  the  crater  has  gone  into 
the  '  splash*  and  in  deforming  the  free  sxarface  whilst  the  bottom  part  has 
deformed  the  whole  target  in  a  similar  manner  to  a  spherical  expansion.  By 
considering  conservation  of  mass  across  a  spherical  svirface  centred  at  the 
origin  the  deformation  of  the  target  6r  may  be  expressed  in  terms  of  the  radius 
r  and  the  volume  of  the  lower  part  of  the  crater  Sr,  thus 

6V  =1  w  [(r  +  Sr)’  -  r’j 


which  may  be  written  as 


(Sr)’  +  3r  (Sr)*  +  3r*  (Sr)  - =  0.  (4) 

This  curve  has  been  fitted  to  the  experimental  points  in  fig. 6a  amd  it  may 
be  seen  that  the  fit  is  good.  The  ratio  cf  the  volume  of  the  lower  part  of 
the  crater  Sv  to  the  total  volume  of  the  crater  V  is  about  one  third  for 
this  target.  At  large  distances  from  the  crater  the  deformation  is  given 
approximately  by 


2wr* 


The  strain  may  be  obtained  from  (4)  by  writing 

e.iLM 

dr 

and  this  curve  has  been  drawn  through  the  experimental  points  in  fig.6b 
and  again  the  fit  is  good.  At  large  distances  from  the  crater  the  strain 
is  given  approximately  by 


ITI? 


(6) 
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Applying  (6)  to  the  aliiminium  target  and  tsdciiig  the  limit  of  plastic  flow 
to  he  given  by  e  =  0,001 ,  plastic  flew  will  have  extended  to  over  2  in,.from 
the  centre  cf  the  crater.  The  analysis  given  above  does  not  appear  to  be 
applicable  to  the  other  targets  in  view  of  the  lack  of  synmetry  and  the 
loss  of  materiail  from  the  crater  but  the  displajcements  and  strain  for  the 
Elektron  and  cast  iron  targets  are  shown  in  fig. 7*  The  relationship  given 
by  eqtiation  (6)  may  be  used  to  obtain  an  estimate  of  the  size  of  a  target 
Tirtiich  is  required  before  it  may  be  considered  semi -inf  inite  and  for  this 
purpose  6V  may  be  replaced  by  an  estimated  V. 

3,2  Impact  of  spheres  into  send. -inf inite  targets  at  varying  euygles 

of  incidence 


Pig.8  illustrates  the  results  of  firing  ^  in. spherical  aluminium 
projectiles  at  impact  speeds  of  10,000  ft/aeo  into  '  semi -inf inite'  copper 
targets  with  the  surface  inclined  at  angles  between  10°  and  90°  to  the  line 
of  fli^t  cf  the  projectile.  The  results  show  that  the  penetration  is 
approximately  pipportional  to  the  sine  of  the  angle  of  incidence  and  for 
engineering  purposes  the  results  may  be  fitted  quite  well  by 

^  at  90°  incidence)  sin  6  *  . 


The  area  of  the  crater  remains  roughly  constant  and  the  volume  follows  a 

similar  trend  to  the  penetration  and  may  be  fitted  by  ^  a  at  90° 

incidence)  sin*  6.  At  small  angles  of  incidence  the  crater  consists  of  one 
main  cavity  and  a  series  cf  subsidiary  cavities  as  thou^  the  projectile 
had  formed  several  small  drops  soon  after  inpact  each  of  which  had  gone  on 
to  form  a  cavity.  At  small  angles  of  incidence  also  the  length  of  these 
chains  of  craters  tends  to  become  equal  to  the  leiigth  of  the  diameter  of 
the  projectile  projected  on  to  the  target  surface.  This  mi^t  be  ecqpected 
since  the  projectile  tends  to  sinply  smear  itself  along  the  surface  leaving 
only  a  very  small  inpression.  At  smal 1  angles  of  incidence  the  crater  is 
by  no  means  well  defined  and  the  crater  parameters  for  angles  of  less  than 
30°  are  to  be  used  with  catition. 


At  normal  angles  of  inpact  there  is  evidence  to  show  that  the 
crater  dimensions  caux  be  correlated  on  a  basis  of  inpact  Mach  nuniber  as 
discussed  in  section  and  hence  to  simulate  very  hi^  speed  inpact  the 
above  series  was  repeated  using  lead  targets  and  the  results  are  shown  in 
fig.9.  Somewhat  similar  results  are  obtained  but  in  this  case  the  crater 
is  not  dependent  xpon  the  angle  of  inpact  in  the  range  60  to  90°  and  at 
small  angles  of  incidence  a  well  defined  crater  is  formed  with  a  lip  on 
one  aide  (in  fig,  9  L'  is  the  length  of  the  crater  whilst  L  is  the  length 
of  the  damaged  region).  The  differences  between  the  lead  emd  copper 
targets  are  illustrated  in  fig, 10, 


A  third  series_of  teats  was  performed  in  which  the  impact  angle  was 
held  constant  at  20  and  the  projectile  velocity  varied  from  3»000  to 
10,000  ft/ sec,  and  the  results  are  shown  in  fig.ll.  The  most  striking 
feature  of  these  teats  is  shown  in  fig. 12  where  it  may  be  seen  that  as  the 
impact  speed  increases  the  crater  changes  shape  from  a  shallow  smear  to 
become  almost  axisymmetric  with  only  a  small  '  splash'  on  one  side  to 
indicate  that  the  projectile  has  not  entered  at  normal  incidence,  further  at 
all  speeds  the  deepest  part  of  the  cavity  is  towards  the  launcher.  Under 


♦A  similar  relationship  is  given  in  ref ,8  for  steel  fragments  into  load 
targets  at  impact  speeds  of  15*000  ft/ sec. 
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these  conditions  it  is  interesting  to  note  that  the  penetration  is  propor¬ 
tional  to  the  impact  velocity  and  the  crater  volvone  is  proportional  to  the 
energy  as  in  the  case  of  normal  incidence  impact  at  low  speeds*  There  seems 
little  doubt  fr<an  the  evidence  in  fig. 12  that  if  the  speed  were  increased 
still  further  the  crater  would  become  completely  axi symmetric,*  and  it 
is  interesting  to  speculate  whether  xmder  these  conditions  the  crater  size 
and  shape  would  tend  to  eqxoal  that  produced  by  normal  impact;  or  in  other 
words  would  the  crater  formed  at  very  high  speed  impact  depend  only  on  the 
energy  and  be  independent  of  incidence. 

3.3  Impact  of  cylinders  into  *  semi -infinite*  targets  at  normal 

incidence 


Pig. 13  gives  the  crater  dimensions  as  a  function  of  length  for 
tests  in  which  ^  in, diameter  aluminium  cylinders  were  fired  into  semi¬ 
infinite  targets  at  normal  incidence  at  impact  speeds  of  4,000  and 
7,000  ft/eec.  The  deformed  projectile  occupied  a  considerable  part  of 
the  crater  in  the  target  and  the  dimensions  of  the  crater  in  the  target 
alone  and  the  crater  plus  deformed  projectile  are  shown  for  comparison. 
Each  test  point  represents  the  average  of  several  separate  firings. 

Per  small  values  of  J/d  it  might  be  expected  that  the  penetration 
of  the  cylinders  would  tend  tonards  a  value  given  by  equation  (2)  for 
one -dimensional  impact  and  that  for  large  values  of  l/d  the  penetration 
would  tend  towards  that  of  a  hydrodynamic  jet  which  has  been  studied  by 
Hill,  Mott  and  Fade  (ref  .4).  These  theories  are  shown  in  fig.13  together 
with  an  empirical  relation  devised  by  Kinard  and  Lambert  (ref .5)  for  the 
penetration  of  steel  cylinders  of  O.5  and  1  calibre  into  copper  targets. 

It  may  be  seen  from  Pig. 13  that  the  measured  penetration  does  not  tend 
towards  the  expected  limits  and  further  the  penetration  is  not  proportional 
to  the  length  of  the  projectile  ydiich  is  also  predicted  by  these 
relationships.  Sections  throu^  the  targets  (Pig.  14)  show  how  the  crater 
gradually  changes  from  one  with  a  comparatively  shallow  flat  bottom  which 
would  be  expected  if  the  target  was  struck  by  a  thin  disc  when  the  flow 
would  be  approximately  one -dimensional  to  a  deep  rounded  crater  ■vrtiich 
would  occur  if  the  target  was  struck  by  a  long  jet.  The  impact  of  one 
calibre  alxaninium  cylinders  has  been  studied  theoretically  at  much  higher 
velocities  by  B  jork,  ref. 6  and  these  results  are  compared  with  the  ARIE 
results  at  lower  velocities  eind  8ui  experimental  result  attributed  to 
Atkins  in  fig.15.  In  the  speed  range  of  4,000  to  18,000  ft/ sec.  the 
experiments  show  that  P  «  U*/’  but  Bjork' s  theory  shows  that  if  this  law 
was  used  to  estimate  damage  at  significantly  higher  speeds  the  depth  of 
penetration  would  be  over  •estimated  by  a  factor  of  2  or  3  **  * 

3,4  Impact  of  spheres  into  thin  targets  at  normal  incidence 

Pig. 16  shows  the  crater  radius  as  a  function  of  plate  thickness 
for  copper  and  lead  plates  when  attacked  by  altuminium  projectiles  at 
10,000  and  9,000  ft/ sec  respectively.  This  shows  that  the  crater  radius 
increases  from  the  projectile  radius  for  very  thin  targets  to  slightly 


♦  It  is  suggested  in  ref .9  that  hemispherical  craters  will  always  be  formed 
provided  the  normal  component  of  impact  velocity  is  greater  than  the 
dilational  wave  speed  in  the  target. 

**  Recent  work  "with  micro  particles  impacting  at  sreeds  of  30,000  ft/ sec 
tend  to  confirm  the  Vs  power  law  however  (ref.  10) 
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more  than  the  radius  of  the  crater  fomed  in  a  semi -inf  inite  target  when 
the  plate  is  just  not  penetrated.  Another  important  feature  of  a  plate 
which  is  just  not  penetrated  is  that  the  depth  of  penetration  is  considerably 
greater  than  in  the  send -inf inite  target.  This  fswjt  should  be  borne  in 
ndnd  if  the  vrolnerability  of  a  thin  skin  to  attack  by  fragments  is  to  be 
assessed  from  penetration  data  derived  from  thick  targets. 

Several  very  thin  lead  and  copper  targets  were  weired  before  and 
after  in^jact  and  it  was  found  that  the  loss  of  material  was  roughly  equal 
to  a  disc  of  similar  size  to  the  crater  and  there  was  little  plastic  flow 
in  the  reneiining  part  of  the  target.  This  is  illustrated  in  fig, 17a.  vMch 
shows  that  there  is  no  measurable  distortion  in  the  grid  which  was  scribed 
on  a  thin  lead  target  before  impact.  As  the  thickness  of  the  target  was 
increased,  however,  a  considerable  amount  of  plastic  flow  occtirred  and 
the  back  of  the  target  was  damaged  by  a  phenomena  known  as  scabbing  shown 
in  figs.  17b  and  c.  This  phenomena  is  caused  by  a  compression  wave, 
initiated  by  the  impact,  reflecting  from  the  free  surface  sus  a  tension 
wave  and  tearing  the  material  apart.  Since  lead  is  relatively  weak  in 
tension  this  effect  was  much  more  pronounced  in  the  lead  targets  than  in 
the  copper  targets. 


3,5  Impact  of  spheres  into  thin  targets  at  incidence 

Pig.l8  shews  the  results  of  firing  i  in._ spherical  aluminium 
projectiles  at  inpact  speeds  of  10,000  fl^aec  in^o  thin  copper  targets 
with  the  surface  inclined  at  various  angles  between  10°  and  90°  to  the  line 
of  fli^t  of  the  projectile.  The  results  show  that  the  depth  of  penetration 
when  defined  as  shown  in  fig.l8  is  sli^tly  less  than  in  a  semi -inf  inite 
target  presumably  because  some  of  the  energy  of  the  projectile  has  gone 
into  bending  the  plate.  The  remarks  in  section  3*2  concerning  the  crater 
shape  are  still  applicable  and  as  shewn  in  fig,l8  the  crater  shape  is 
very  similar  to  the  semi -inf  inite  case.  These  tests  were  repeated  for 
a  series  of  thin  lead  plates  and  ilie  results  are  diovm  in  fig,19» 

Prom  a  study  of  steel  ^heres  attacking  copper  plates  at  velocities 
between  4,000  and  11,500  ft/aeo.  Kinard  et  al,  ref, 7  concluded  that  the 
minimum  thickness  that  will  not  be  penetrated,  b* ,  was  given  by 


Since  the  depth  of  penetration  is  approximately  proportional  to  the  sine 
of  the  angle  of  incidence  it  seems  reasonable  to  extend  equation  (  7)  to 
give  a  cidterion  for  penetration  for  inclined  plates  which  may  be  written 
as 

^  “  3.47  (“)  (-3^)  sin  0  ,  (8) 

t  t 

This  empirical  relation,  shewn  in  figs, 18  sind  19 »  separates  the  plates 
which  wore  penetrated  frem  those  that  were  not  except  for  one. 


*  The  results  in  section  3»1  ahwr  that  the  depth  of  penetration  of 
spheres  into  send. -infinite  tau^gets  at  normal  incidence  is  proportional  to 
the  velocity  raised  to  the  power  of  two  thirds,  so  far  cohsistency  with 
this  relationship  a  better  criterion  for  penetration  of  thin  inclined 
plates  might  be  e3q)ected  to  be  of  the  form 


d 


sin  6  , 


(9) 


The  best  fit  to  the  results  shown  in  figs, 18  and  19  is  obtained  with 
k  >  2,73  this  relationship  is  also  shown  in  these  figs.  It  must  be 
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admitted,  however,  that  the  two  third  powers  in  (9)  cannot  bo  justified 
from  the  results  into  inclined  plates  as  these  wore  all  perfonosd  at  one 
velocity. 

4.  Conclusions 


Crater  dimensions  have  been  obtained  in  various  metal  targets  when 
attacked  by  ^  in..diaifleter  spheres  with  velocities  up  to  10,000  fV^seo  and 
the  penetration  correlated  approximately  with  the  relationship 


P 

d 


=  a.o  (f) 


2/3 


which  is  in  reasonable  agreement  with  much  of  the  existing  work.  The 
deviation  of  the  ejqperimental  points  frcan  this  enpirical  relationship 
is  more  than  can  be  attributed  to  experimental  error  and  whilst  it  may 
be  adequate  for  the  practical  problem  of  damage  assessment  within  a 
limited  range  of  velocities  and  materials  it  is  not  adequate  to  explain 
the  TBdiole  phenomena  of  iiipact.  The  penetration  of  brittle  targets  may 
be  estimated  with  the  above  formula  but  this  is  of  little  use  in 
assessing  damage  since  a  region  of  severe  cracking  may  svcrroxini  the 
crater.  The  deformation  sixrrounding  the  crater  in  a  ductile  alvmdniimi 
target  was  spherically  symnetrical  about  a  point  below  the  target  surface 
apart  for  a  small  region  extending  to  half  the  depth  of  the  crater  just 
below  the  surface.  This  fact  enables  the  extent  of  plastic  flow  in  a 
ductile  target  to  be  readily  determined  and  hence  the  size  of  target 
required  for  a  particular  experiment  may  be  estimated. 


When  ^  in^aluminivun  spheres  were  fired  into  inclined  lead  and  copper 
targets  at  10,000  ft/ sec  the  depth  of  penetration  was  roughly  proportional 
to  the  sine  of  the  angle  of  Incidence  and  the  volume  was  proportional  to 
the  square  of  the  sine  of  the  angle  of  incidence.  When  lead  targets  wez« 
attacked  at  a  constant  angle  of  incidence  of  20°  with  ^  in.  aluminixmi  spheres 
the  crater  tended  to  become  axially  symmetric  as  the  impact  speed  increased 
to  12,000  ft/ sec  indicating  that  if  a  crater  was  caused  by  a  meteorite 
moving  at  speeds  of  several  times  this  value  it  would  in  all  probability 
be  completely  symmetrical  for  all  but  verjj  small  angles  of  incidence. 

Even  thou^  the  angle  of  incidence  was  ZC)  the  penetration  was  proportional 
to  the  impact  velocity  and  the  crater  volume  proportional  to  the  kinetic 
energy. 


The  crater  dimensions  in  aluminixmi  targets  were  obtained  vdien 
attacked  "ty  various  lengths  of  ^  in, diameter  aluminium  cylinders  at  speeds 
of  4,000  suid  7»000  ft/ sec.  The  penetration  was  compared  with  theoretical 
predictions  for  the  extreme  cases  of  a  very  short  cylinder  (one  dimensional 
inpact)  and  a  very  long  cylinder  (a  jet).  These  theories  and  a  previous 
enpirical  result  predict  that  the  penetration  will  be  proportional  to  the 
length  of  the  projectile  whereas  the  experimental  points  do  not  show 
this  trend  and  also  do  not  tend  towards  the  expected  limits. 

Thin  lead  and  copper  targets  were  attacked  by  ^  in. aluminixmi  qpheres  at 
10,000  ft/ sec  at  normal  incidence  and  it  was  foxind  that  the  crater  diameter 
increased  with  the  target  thickness  sind  in  some  circumstances  became  greater 
than  in  a  send -infinite  target.  Projectiles  completely  penetrated  targets 
vdiose  thickness  was  significantly  greater  than  the  dppth  of  penetration  of 
a  similar  projectile  in  a  send -infinite  target;  this  was  partly  due  to  the 
phenomena  of  scabbing  whereby  the  compression  wave  from  the  impact  is 
reflected  from  the  back  of  the  target  as  a  tension  wave  and  the  back  of  the 
target  then  fails  uikler  tension.  This  effect  was  much  more  pronounced  with 
the  lead  targets  as  lead  is  weak  in  tension.  Crater  (conplete  perforations) 
in  thin  targets  (thickness  less  than  half  the  depth  of  penetration  in  a 
semi -infinite  target)  were  caused  by  loss  of  material  rather  than  any 
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significant  plastic  flcsr.  When  these  targets  were  attacked  at  incidence 
the  crater  dinenslons  were  similar  to  those  obtained  for  send. -infinite 
targets  provided  the  target  was  not  x>enetrated.  A  minimum  thickness  of 
target  for  non  penetration,  b*,  is  given  by  the  following  enpirical 
relationship 


d 


„  2/3  P  2/3 

..75  (^)  (^) 


sin  6 


but  due  to  the  increased  complexity  of  the  problem  of  damage  to  an  inclined 
thin  target  the  remarks  at  the  be  fanning  of  this  section  concerning  the 
eiq>irlcaJ.  formula  for  penetration  of  a  semi -infinite  target  are  even 
more  valid. 
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FIG  .6  DEFORMATION  AND  STRAIN  IN  AN  ALUMINIUM  TARGET  AT  NORMAL 

INCIDENCE  AFTER  ATTACK  WITH  A  ALUMINIUM  SPHERE  AT 

10,000  FT/SEC. 
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FIG.  8  CRATER  DIMENSIONS  AS  A  FUNCTION  OF  INCIDENCE 
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FIG.  9  CRATER  DIMENSIONS  AS  A  FUNCTION  OF  INCIDENCE 

Va*  aluminium  spheres  into  inclined  lead  targets 

AT  9.000  FT/ SEC. 
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FIG.  II  CRATER  DIMENSIONS  AS  A  FUNCTION  OF  IMPACT  VELOCITY 
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FIG.  18  CRATER  DIMENSIONS  AS  A  FUNCTION  OF  INCIDENCE 

»/4  ALUMINIUM  SPHERES  INTO  INCLINED  THIN  COPPER 

TARGETS  AT  10,000  FT/SEC 
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FIG.  19  CRATER  DIMENSIONS  AS  A  FUNCTION  OF  INCIDENCE 

l/V  ALUMINIUM  SPHERES  INTO  INCLINED  THIN  LEAD 

TARGETS  AT  9.000  FT/SEC. 
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